Lafora disease (LD), an inherited and fatal neurodegenerative disorder, is characterized by increased cellular glycogen content and the formation of abnormally branched glycogen inclusions, called Lafora bodies, in the affected tissues, including neurons. Therefore, laforin phosphatase and malin ubiquitin E3 ligase, the two proteins that are defective in LD, are thought to regulate glycogen synthesis through an unknown mechanism, the defects in which are likely to underlie some of the symptoms of LD. We show here that laforin's subcellular localization is dependent on the cellular glycogen content and that the stability of laforin is determined by the cellular ATP level, the activity of 5=-AMP-activated protein kinase, and the affinity of malin toward laforin. By using cell and animal models, we further show that the laforin-malin complex regulates cellular glucose uptake by modulating the subcellular localization of glucose transporters; loss of malin or laforin resulted in an increased abundance of glucose transporters in the plasma membrane and therefore excessive glucose uptake. Loss of laforin or malin, however, did not affect glycogen catabolism. Thus, the excessive cellular glucose level appears to be the primary trigger for the abnormally higher levels of cellular glycogen seen in LD.
G lucose is an essential metabolite in living systems. However, the regulatory roles of glucose in cellular physiological pathways and the mechanisms by which cells respond to changes in the intracellular levels of glucose are not fully understood (26) . Dysregulation in these processes is thought to underlie the pathology of a few disorders that are associated with cytoplasmic glycogen inclusions (50) . One such disorder is Lafora disease (LD), a heritable and fatal neurodegenerative disorder characterized by progressive myoclonus epilepsy and other neurological deficits, including ataxia and dementia (17, 41) . A hallmark of LD is the presence of Lafora bodies-insoluble and abnormally branched intracellular glycogen inclusions called polyglucosan-in neurons, muscle, liver, and other tissues (16, 17, 51, 52) . LD is caused by defects in the gene EPM2A, which encodes a dual-specificity protein phosphatase named laforin, or the NHLRC1 gene, which encodes an E3 ubiquitin ligase named malin (6, 15, 20, 32) . Laforin harbors a carbohydrate-binding domain (CBD) that binds to glycogen and Lafora bodies, both in vitro and in vivo (5, 18, 49) . Thus, a role for laforin in carbohydrate metabolism and in the disposition of Lafora bodies was proposed (5, 18, 49) . Besides Lafora bodies, glycogen content has also been found at higher levels in animals that were deficient for laforin or malin (11, 43) . Intriguingly, the glycogen reserve in LD animal models shows a higher phosphate content (11, 43) , and laforin has been shown to dephosphorylate glycogen (43, 44) . A recent report suggested that glycogen phosphorylation possibly represents an error in a catalytic step in glycogen synthesis and that its removal by laforin could be a damage control mechanism (45) . Since laforin and malin are known to function as a complex (14, 19, 39, 46) , it has been proposed that laforin and malin, as nonredundant partners, regulate multiple steps in glycogen metabolism (14, 43, 46, 48) . However, whether the laforin-malin complex regulates glycogenesis or glycogenolysis, or both of these processes, is yet to be resolved. For example, a role for laforin and malin in regulating the cellular level of glycogen synthase (GS) (48) and R5/PTG (subunit of protein phosphate 1) has been proposed (14, 46) , but the cellular levels (and activities) of GS and R5/PTG were found to be unaltered in laforin-and malin-deficient mouse models (11, 44) . Thus, the specific pathway through which the laforin-malin complex is able to regulate glycogen metabolic process is yet to be unequivocally established. We show here that laforin could be a glucose sensor, and its subcellular localization and stability are determined by the intracellular level of glucose metabolites. We further show that laforin and malin negatively regulate glucose uptake by modulating the subcellular localization of glucose transporters and that the loss of laforin or malin results in an excessive buildup of glycogen, as seen in LD. validated in our previous studies (19, 36) . The constructs that code for the wild-type and the dominant negative form of 5=-AMP-activated protein kinase (AMPK) were obtained from Addgene (plasmid ID numbers 15991 and 15992, respectively). Green fluorescent protein (GFP)-tagged expression constructs for Glut1 and Glut3 were generously provided by Juan P. Bolanos (Universitario de Salamanca, Spain). All chemicals were purchased from Sigma-Aldrich Pvt. Ltd. (India) unless stated otherwise.
Glucose deprivation. For glucose deprivation, the cells, after transfection with the desired mammalian expression constructs wherever applicable, were first allowed to grow in glucose (25 mM) containing DMEM for at least 15 h and then shifted to DMEM without glucose for the next 12 or 24 h, as indicated below.
Pharmacological treatments. Cells were treated with the following pharmacological agents: L-glucose ( Immunostaining and antibodies. Cells, grown on a gelatin-coated sterile glass coverslip, were processed for immunofluorescence microscopy as described previously (19, 33) . Briefly, cells were fixed with 4% paraformaldehyde, permeabilized with Triton X-100 (0.05%) and subsequently incubated with primary and secondary antibodies as per the suppliers' instructions. For staining the nuclei, cells were treated with 10 M 4=,6-diamidino-2-phenylindole (DAPI) for 5 min. Immunofluorescence images were captured using a high-end fluorescence microscope (Nikon Eclipse 80i; 40ϫ oil objective; Nikon, Japan) and were processed using the Media Cybernetics ImagePro Express image analysis and deconvolution software. The following antibodies were used in the present study: anti-Myc and anti-GFP (Roche India); anti-AMPK␣, anticaveolin, and antiflotillin 2 (Cell Signaling Technology); anti-Glut1, anti-Glut3, and anti-Glut4 (Millipore India); anti-␤-O-linked N-acetylglucosamine and antitubulin (Sigma-Aldrich India Pvt. Ltd.); anti-transferrin receptor antibody (BD Transduction Laboratories). Anti-laforin antibody was described in our previous study (36) . Antiglycogen antibody was a generous gift from Otto Baba (Tokyo Medical and Dental University, Japan). Secondary antibodies were obtained from Jackson ImmunoResearch Inc.
Cell counting. Laforin's nuclear localization was scored by viewing cells with a fluorescence microscope in a blinded manner. For each condition/treatment, at least 300 cells were counted, and the data are presented as the percentage of cells having nuclear localization of protein.
Pulldown assay. In vivo protein-protein interactions were established by using Ni-affinity resins as described previously (13, 19) . Briefly, the lysate of cells that coexpressed His-tagged malin and GFPtagged laforin was incubated with Ni-affinity resin (Sigma-Aldrich) for 2 h at 4°C and processed according to the manufacturer's instructions. The whole-cell lysate and pulldown fraction were detected by immunoblotting using specific antibodies.
Immunoblotting. For immunoblotting, protein samples were separated through SDS-PAGE gels and transferred onto a nitrocellulose paper (MDI, India). After blocking with 5% nonfat dry milk powder, the membranes were processed for sequential incubations with primary and secondary antibodies. Immunoreactive proteins on the filters were visualized using a chemiluminscence detection kit (SuperSignal West PICO; Pierce). Signal intensities of the blots were measured using the NIH ImageJ software.
AMPK activity assay. AMPK activity was measured by using a peptide substrate (SAMS) purchased from Upstate, Millipore, as previously described (10, 38) . Briefly, the cell were lysed by sonication in an ice-cold lysis buffer at 4°C (50 mM Tris-HCl [pH 7.4], 250 mM mannitol, 1 mM sodium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol [DTT], 0.1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride [PMSF], 5 g/ml soybean trypsin inhibitor, and 1% Triton X-100) supplemented with phosphatase (Roche Diagnostics) as well as protease inhibitor cocktail (Sigma-Aldrich India Pvt. Ltd.). The lysate was centrifuged (14,000 ϫ g for 5 min at 4°C), and the supernatant was used for the kinase assay. For the kinase assay, an equal amount of protein (50 g) was added to a reaction mixture containing 5 l assay buffer (62.5 mM Na-HEPES [pH 7.0], 62.5 mM NaF, 62.5 mM NaCl, 1.25 mM EDTA, 1.25 mM EGTA, 1.25 mM sodium pyrophosphate, 0.1 mM PMSF, 1 mM DTT, 0.1 mM benzamidine, 5 g/ml soybean trypsin inhibitor), 5 l of 1 mM SAMS peptide, and 5 l of 1 mM AMP. Finally, [␥-32 ]ATP (300 to 500 cpm/pmol) was added along with 5 mM MgCl 2 , and the reaction was carried out at 37°C for 10 min. Twenty-microliter aliquots were spotted on a phophocellulose paper (P81; Whatman) and washed 4 times with 1% H 3 PO 4 (500 ml) and once with acetone, then air dried and counted in a scintillation counter (PerkinElmer Life Sciences). The AMPK activity is reported as pmol/min/mg of protein.
Glucose uptake assay. A glucose uptake assay was performed essentially as described earlier (34) . Transfected cells at 36 h posttransfection were incubated with Krebs-Ringer-HEPES (KRH) buffer for 1 to 2 h, and then 50 M 2-NBDG (Invitrogen) was added for 10 min at 37°C. The cells were then washed and lysed by sonication, and the lysate was centrifuged at 12,000 ϫ g for 5 min at 4°C. A small aliquot of the lysate was saved for protein estimation (Bradford method). The fluorescence intensity of the remaining cell lysate was measured using a fluorescence spectrometer (LS 55; Perkin-Elmer). As a control, the fluorescence levels of the lysate from cells treated with an inhibitor of glucose uptake, cytochalasin B (10 M), were measured. Fluorescence values were normalized based on protein estimation data and are presented as the fold change.
Plasma membrane fractionation. Plasma membrane fractionation from cultured cells was performed essentially as described elsewhere (2) . At 36 h posttransfection, cells were first washed twice with phosphatebuffered saline and then scraped into detergent-free cell lysis buffer (10 mM Tris [pH 7.5], 137 mM NaCl, 2 mM phenylmethylsulfonyl fluoride) and a phosphatase and protease inhibitor cocktail. Cells were left on ice for 10 min and then sonicated to disrupt plasma membranes. Cell lysate was cleared first by low-speed centrifugation as 12,000 ϫ g for 5 min, and then the cleared lysate was separated by ultracentrifugation at 100,000 ϫ g (Sorvall MTX 150 microultracentrifuge; rotor S55-S) for 1 h. Supernatants were saved, and pellets were washed twice with lysis buffer and then resuspended in an equal amount of lysis buffer containing 1% Triton X-100.
For fractionation of the plasma membrane from mouse soleus skeletal muscle tissue, the protocol of Dombrowski et al. (12) was followed. Briefly, 500 mg of muscle tissue was homogenized in buffer A (10 mM sodium bicarbonate [pH 7.0], 0.25 mM sucrose, 5 mM sodium azide, and 100 M phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 1,300 ϫ g for 10 min, supernatant was saved, and the resulting pellet was homogenized in buffer A. The homogenate was centrifuged at 1,300 ϫ g for 10 min. The supernatant fractions from both steps were combined and centrifuged at 9,000 ϫ g for 10 min, and the resulting supernatant was centrifuged at 190,000 ϫ g for 1 h. The pellet fraction from this step was dissolved in sucrose-free buffer A and loaded on top of discontinuous sucrose density gradients (25, 32 , and 35% [wt/wt]). The gradient was centrifuged at 150,000 ϫ g for 16 h, and the plasma membrane fractions were collected from the top 25% of the gradient, diluted in buffer A, and centrifuged at 190,000 ϫ g for 1 h. The final pellet was resuspended in buffer A. Samples were resolved by SDS-PAGE and immunoblotted as described above.
Proteasome activity assay. Proteasome activity in cell extract was quantified using a fluorogenic proteasome substrate, Suc-Leu-Leu-Val-Tyr-AMC (Calbiochem), as per the manufacturer's instructions. Briefly, 10 g of protein was incubated with the proteasome substrate in assay buffer for 2 h at 50°C, and fluorescence intensity was measured using a spectrofluorometer (excitation, 380 nm; emission, 460 nm). Assays were performed in triplicates.
Glycogen estimation. Cellular glycogen content was estimated as described previously (42) . The cells were suspended in 100 l of ice-cold 30% KOH and heated at 100°C for 20 min. A small aliquot of the sample was saved for protein estimation, and the rest was spotted onto a filter paper (Whatman 31-ET CHR). The paper was washed in ice-cold 66% ethanol for 10 min, followed by two washes in the same solution at room temperature, dried overnight at 37°C, and then incubated in amyloglucosidase (0.5 mg/ml in 0.02 M sodium acetate [pH 4.8]) for 2 h at 37°C. The released glucose was measured by using a glucose estimation kit (ERBA Diagnostic Mannheim Gmbh Ltd.), and the quantity of glycogen is presented as the amount of released glucose per mg of total protein.
Statistical analysis. Data were analyzed by a two-tailed, unpaired Student's t test using GraphPad software. Differences were considered significant at a P level of Ͻ0.05. Experiments were performed at least in triplicates, and scoring of cells (ϳ200 cells per set) was done in a blinded manner.
RESULTS

Subcellular localization of laforin, but not that of malin, is regulated by the extracellular glucose level.
To explore whether glucose availability modulates the subcellular localization of laforin and malin, GFP-tagged laforin and malin were transiently expressed in COS-7 cells, and their subcellular localizations were evaluated by growing the cells for 24 h in a medium with glucose (25 mM) or no glucose. Laforin was exclusively localized in the cytoplasm of the cells grown in glucose-rich medium, while a significant population of cells grown in the glucose-free medium showed laforin in the nuclear compartment ( Fig. 1A and B ). The glucose starvation-induced nuclear translocation of laforin was found to be independent of the fusion tags used and the cell lines employed (data not shown), and it was not induced by serum starvation (Fig. 1A) . The glucose-dependent localization of laforin was also noted in an earlier study (7) . Malin did not show any difference in the subcellular localization when the cells were maintained in the glucose-free medium (Fig. 1C ). The nuclear translocation of laforin was further confirmed by fractionating the cellular components into nuclear and cytoplasmic fractions; we detected laforin in the nuclear fraction of the glucose-starved cells ( Fig. 1D ). Similar observations were made when endogenous laforin was tested in the fractionated samples using an anti-laforin antibody (Fig. 1D ). The antilaforin antibody, whose specificity was established previously (36, 39) , did not work in the immunofluorescence staining.
We next checked whether the presence of malin modulated the glucose-dependent nuclear translocation of laforin. Neither the loss of malin nor its coexpression prevented laforin's nuclear translocation when the cells were grown in the glucose-free medium ( Fig. 1E ). We also checked whether the nuclear translocation of laforin was a reversible process. For this, cells expressing GFP-laforin were first grown in glucose-free medium for 12 h and then transferred to a medium containing either cycloheximide (at 1 mg/ml; a translational blocker) and glucose (25 mM) or a glucose-free medium containing only cycloheximide. There was a significant reduction in the number of cells in which laforin localized in the nucleus in the set that was transferred to the medium containing glucose compared to the set that was maintained in glucose-free medium (Fig. 1F ). Thus, the glucose-dependent nuclear translocation of laforin appears to be a reversible process. The nucleus-to-cytoplasm movement of laforin is independent of CRM1/exportin 1 protein, as leptomycin B treatment did not inhibit the translocation (data not shown).
The intracellular glycogen level regulates laforin's subcellular localization. To establish the mechanism by which glucose is able to modulate the subcellular localization of laforin, we first checked whether glucose uptake is required for the cytoplasmic retention of laforin. For this, cells transiently expressing laforin were incubated in a medium containing L-glucose (an analog of D-glucose that does not enter the cell) or in glucose-containing medium supplemented with cytochalasin B (an inhibitor of glucose transport) for 24 h. Both these treatments resulted in the nuclear translocation of laforin in a significant number of cells ( Fig. 2A ), suggesting that glucose entry into the cell is a prerequi-site for the retention of laforin in the cytoplasm. Supplementing the glucose-free medium with D-mannitol (24 h) did not prevent laforin from translocating into the nucleus ( Fig. 2A ), suggesting that laforin's nuclear translocation is not due to the osmolarity difference.
Glucose, upon entry into the cell, gets converted into glucose-6-phophate via phosphorylation, and this in turn is routed into several metabolic pathways. We were therefore interested in checking whether phosphorylatable glucose could be the signal for laforin's retention in the cytoplasm. For this, cells transiently expressing laforin were maintained in medium containing either 3-OMG (25 mM; a nonphosphorylated glucose analogue) or 2-DOG (25 mM; a phosphorylated glucose analogue) for 24 h, and the localization of laforin was scored. As shown in Fig. 2B , 2-DOG but not 3-OMG was able to retain laforin in the cytoplasm. To confirm further whether phosphorylation of glucose is essential for laforin to stay within the cytoplasm, the laforin-expressing cells were treated with mannoheptulose (20 mM; 24 h), a potent and specific inhibitor of hexokinase activity (9) . Addition of mannoheptulose did not alter laforin's translocation into the nucleus, suggesting that the observed effect of 2-DOG is due to its physiological role, which is independent from its phosphorylation status ( Fig. 2B ). Taken together, these results suggest that laforin's sub- Phosphorylated glucose has several metabolic fates within the cell, and we wanted to check which of these pathways could regulate laforin's nuclear localization. Addition of sodium azide (for 12 h), an established inhibitor of oxidative phosphorylation and ATP production (1), did not alter laforin's subcellular localization (Fig. 2B ), although it significantly reduced the cellular ATP level, which was comparable to the condition in which cells were deprived of glucose ( Fig. 2C ). Consistent with a previous report (53), a reduced ATP level was also observed when the cells were treated with 2-DOG ( Fig. 2C ), suggesting that laforin's translocation into the nucleus is not dependent on cellular ATP levels. Next, we checked whether the cellular glycogen level modulated laforin's nuclear localization. For this, laforin-expressing cells were treated with forskolin (12 h), a drug that promotes glycogen degradation (3, 8) . In a parallel experiment, transfected cells were maintained in glucose-free medium supplemented with glucosamine (12 h). Glucosamine is a key metabolite of the hexosamine biosynthetic pathway (HBP), and supplementing the glucose-free medium with glucosamine is known to result in normal levels of glycogen, even under glucose deprivation conditions in vitro (30) . Glucosamine treatment led to the retention of laforin in the cytoplasmic compartment in a majority of cells, even when they were maintained in glucose-free medium ( Fig. 2D and E) . On the other hand, addition of forskolin resulted in laforin translocating to the nucleus even when the cells were grown in glucose-containing medium ( Fig. 2D and E) . Thus, a higher glycogen level appears to restrict laforin's localization to the cytoplasmic portion ( Fig. 2E ). Since glucosamine and forskolin are also known to modulate the glycosylation of cellular proteins via the HBP (21), a glucose dependent process, we also checked whether protein glycosylation could play a role in laforin's nuclear translocation. For this, COS-7 cells transiently expressing laforin were treated (24 h) with DON or BADGP, two potent inhibitors of the glycosylation process (25) . While DON did reduce glycosylation of cellular proteins, it did not induce nuclear translocation of laforin ( Fig. 2F ). A similar observation was made when BADGP was used (data not shown), suggesting that glycosylation may not play a major role in laforin's nuclear translocation. We finally checked whether the observed effects of the nonmetabolizable glucose analogues 2-DOG and 3-OMG on laforin's subcellular localization could be due to their effects on cellular glycogen content. Treatment with 2-DOG, but not 3-OMG, indeed led to increased glycogen content, even when cells were deprived of normal glucose, and this increased glycogen content correlated with laforin localization within the cytoplasm (Fig. 2G ). Taken together, these results suggest that cellular glycogen is a major determinant for laforin's subcellular localization.
Laforin's subcellular localization is dependent on its ability to bind to glycogen. Laforin is known to bind to a glycogen complex through its amino-terminal CBD (5, 18, 49) , and some LDassociated mutations affect laforin's ability to bind to glycogen and/or its subcellular localization (41) . We were therefore interested in whether laforin's glycogen-binding property is critical for its glycogen-dependent subcellular localization. For this, we selected four missense mutants of laforin: two affecting the CBD (E28L and W32G) and two affecting the phosphatase domain (C266S and G279S) (Fig. 3A) . Intriguingly, laforin mutants E28L, C266S, and G279S (all three are inactive phosphatases [41] ) were able to translocate to the nucleus upon glucose deprivation ( Fig.   3B and C) . On the other hand, mutant W32G, which is an inactive phosphatase and does not bind to glycogen in vitro (14, 18, 27, 49) , was localized predominantly in the nucleus regardless of glucose availability ( Fig. 3B and C) . Therefore, the carbohydrate-binding ability, and not the phosphatase activity, could be the critical factor that determines laforin's subcellular localization.
Intracellular glucose availability regulates malin-dependent degradation of laforin. We consistently found the cellular level of transiently expressed laforin to be lower when cells where grown in glucose-free medium. Since laforin is one of the substrates of the malin E3 ubiquitin ligase, we tested whether intracellular glucose availability modulated laforin's affinity toward malin and its degradation. There was a significant reduction in the cellular level of laforin upon glucose deprivation (24 h) ( Fig. 4A and B ). Endogenous laforin was also found at reduced levels in the livers mice that were starved for 24 h compared to mice fed ad libitum (Fig.  4C ). An increase in laforin level was observed when glucosestarved cells were treated with the proteasomal blocker MG132 (for the last 16 h of the 24-h glucose deprivation) ( Fig. 4D and E ), suggesting that laforin is degraded through the proteasome when cells are starved of glucose. Similarly, the laforin level was lower in glucose-deprived cells that coexpressed wild-type malin than in the control set, which coexpressed the catalytically inactive mutant malin C26S (Fig. 4F) , and the laforin level increased when endogenous malin was partially knocked down ( Fig. 4G ). Malin enhanced laforin degradation during glucose deprivation at a higher rate than under glucose-fed conditions (Fig. 4H) . Thus, malin appears to promote the degradation of laforin in a glucosedependent manner.
Since laforin's nuclear localization is dependent on the cellular glycogen content rather than on the free glucose level, we next tested whether laforin's stability was also dependent on cellular glycogen content. For this, cells were treated with either glucosamine or forskolin in the absence or presence of glucose, respectively (24 h), and the cellular levels of endogenous or transiently expressed laforin were evaluated. Surprisingly, glucosamine treatment led to a further reduction in the level of laforin ( Fig. 4I and  J) , although the cellular glycogen content was comparable to that of glucose-fed cells ( Fig. 2E ). On the other hand, forskolin treatment did not significantly alter the laforin level ( Fig. 4I and J) , although the cellular glycogen content was significantly lower than in glucose-fed cells ( Fig. 2E) . These results strongly suggest that cellular glucose availability and not the glycogen content determines laforin's stability.
AMPK activity is required for degradation of laforin under glucose deprivation. AMPK is an energy sensor kinase, since a drop in the intracellular ATP level (for example, during glucose deprivation) rapidly activates AMPK (22) . Since the laforin-malin interaction is dependent on AMPK (37, 42), we next tested whether the glucose-dependent degradation of laforin by malin could be mediated by AMPK. Glucose deprivation or glucosamine treatment led to a significant increase in AMPK activity without a change in its level (Fig. 5A ). Glucosamine treatment is known to enhance the AMPK activity by reducing the cellular ATP level (24, 29) , and similar observations were made in the present study as well ( Fig. 2C ), suggesting that the increased AMPK activity could be one of the key regulators of laforin's stability during glucose deprivation as well as during glucosamine treatment. Indeed, we found that coexpression of a dominant negative form of AMPK (DN-AMPK) in glucose-free medium resulted in an increase in the cellular level of laforin (Fig. 5B ). We next checked whether AMPK regulates the affinity between laforin and malin when cells are deprived of glucose. For this, laforin was expressed with a His-tagged, catalytically inactive malin mutant (C26S), and the cells were either treated with an inhibitor for AMPK (compound C; 12 h) or with the vehicle (dimethyl sulfoxide; 12 h), and the His-tagged malin was pulled down using Ni-affinity resins. The C26S mutant malin was used in the pulldown assay, because the signal intensity of the pulled-down product would represent the amount of protein available for the interaction and not the amount that escaped malin-mediated degradation (13) . The mutant malin exhibited a robust interaction with laforin when the cells were deprived of glucose, and this interaction was compromised when the cells were treated with the AMPK inhibitor ( Fig.  5C ). However, AMPK blockade (treatment with compound C or coexpression of AMPK-DN) did not prevent laforin's nuclear translocation when cells were deprived of glucose ( Fig. 5A, D , and E). Thus, AMPK appears to regulate the stability and not the subcellular localization of laforin.
Since overexpression of AMPK-DN resulted in an increase in the level of laforin in cells that were starved of glucose, we next checked whether overexpression of AMPK or enhancement of its activity in the presence of glucose would bring down the cellular level of laforin. Intriguingly, activation of AMPK, either by its overexpression or by treating the cells with metformin, a drug that activates AMPK independently of cellular ATP/AMP levels (23) , resulted in a significant increase in the level of laforin in cells that were grown in glucose-containing medium (Fig. 6A ). This could possibly mean that activation of AMPK is necessary but not sufficient to degrade laforin and that AMPK might require other factors for its action on laforin. The energy-sensing property of AMPK raises the possibility that the cellular ATP level could be a cofactor that contributes to laforin's stability, since the ATP level were immunoblotted with an antibody to detect endogenous laforin, tubulin or GRP75 (A) or transiently expressed laforin (B). (C) Endogenous laforin level in liver tissue lysates (70 g of protein/lane) from mice that were either fed ad libitum (F) or starved for 24 h (S). (D and E) Cellular levels of the overexpressed laforin (D) or its endogenous form (E) in cells that were grown in the presence/absence of glucose and/or MG132, as indicated. (F and G) Cells coexpressing GFP-tagged laforin with wild-type malin or its mutant C26S (F) or a knockdown construct for malin (G) were evaluated by immunoblotting. (H) Cells expressing the indicated constructs in the presence or absence of glucose were processed for immunoblotting to establish the relative levels of GFP-tagged laforin. (I and J) Cells were exposed to pharmacological agents as indicated, and the cell lysates were processed for immunoblotting to detect the level of transiently expressed GFP-tagged laforin (I) or endogenous laforin (J).
goes down when cells are deprived of glucose. To test this possibility, cells that transiently expressed laforin were treated with sodium azide (12 h), a compound that reduces the cellular ATP content even in the presence of glucose (Fig. 2C) , and the cellular level of laforin was evaluated. Sodium azide treatment resulted in a significant reduction in the cellular laforin level, even in the presence of glucose (Fig. 6B) . However, the same treatment did not alter laforin's subcellular localization (Fig. 2B ), suggesting that the cellular ATP level plays a critical role in determining laforin stability in addition to regulating the activity of AMPK. We next evaluated the subcellular distribution of laforin upon coexpression of AMPK or by treating the transfected cells with metformin (24 h). Intriguingly, both conditions resulted in the recruitment of laforin into perinuclear granule-like structures in transfected cells (in ϳ40% cells upon AMPK coexpression and in ϳ72% cells treated with metformin) that also stained positive for glycogen ( Fig. 6C and D) . However, such a staining pattern was not observed when cells were maintained in glucose-free medium (Fig.  6C, lower panel) , suggesting that glucose deprivation may have resulted in the utilization of the glycogen reserve, thereby abolishing the granule-like staining pattern. Overexpression of AMPK is known to localize this protein onto cytoplasmic glycogen granules (35) , suggesting that the activation of AMPK results in an increase in intracellular glycogen content. Indeed, metformin-treated cells grown in glucose-containing medium showed increased intracellular glycogen content compared to untreated cells (Fig. 6E ). There was also a moderate yet significant reduction in proteasomal activity upon metformin treatment (Fig. 6F, lower panel) . However, these perinuclear granules are unlikely to be "aggresomes," since coexpression of AMPK (DN or the wild-type) did result in similar recruitment of laforin without compromising proteasomal activity (Fig. 6F) . Thus, sequestration of laforin to glycogen particles upon AMPK activation in the presence of glucose could be one of the reasons for its elevated levels in metformin-treated cells. Nonetheless, the present results are compelling enough to suggest that while the subcellular localization of laforin is dependent on the cellular glycogen content, the stability of laforin is dependent on the cellular ATP level and the AMPK activity.
The laforin-malin complex regulates cellular glucose uptake by modulating subcellular localization of glucose transporters. Based on our observations that glycogen metabolites regulate the stability and subcellular localization laforin and previous reports on the role of the laforin-malin complex in glycogen metabolism, we reasoned that the laforin-malin complex might regulate cellular glucose uptake, the first step of the glycogen metabolic pathway. For testing this hypothesis, we used Neuro2a cells, as this cell line is known to store much less glycogen (48) , and therefore differences in the glycogen level could be easily measured. The expression of laforin or malin was partially suppressed by the RNAi approach, and cellular glucose uptake was measured using the fluorescent D-glucose analogue 2-NBDG. Partial knockdown of laforin or malin resulted in a significant increase in basal glucose uptake compared to the control set ( Fig. 7A) . Similar observations were made in COS-7 cells, although the difference was minimal compared to that in Neuro2A cells (data not shown). To elucidate the mechanism by which cells enhance glucose uptake upon the loss of laforin or malin, we first evaluated the relative levels of endogenous glucose transporters Glut1 and Glut3 in the membrane fraction of COS-7 and Neuor2A cells. Glut3 is expressed specifically in the neuronal cells, while Glut1 is expressed in most tissues, although both transporters are involved in basal glucose uptake (31) . Loss of laforin or malin did not alter the cellular level of either Glut 1 (COS-7 cells) or Glut3 (Neuro2A cells) (Fig. 7B ). However, their loss resulted in a significant increase in the level of Glut1 and Glut3 in the plasma membrane fraction (Fig. 7B ). No such difference, however, was noted for the transferrin receptor, a protein that also localizes in the plasma membrane, suggesting that the difference in the signal intensity observed for Glut1 and Glut3 is specific to these proteins and not due to the difference in the protein content of the membrane fraction per se. The enrichment of plasma membrane proteins in the fractionated samples was established by probing fractions with antibodies for the transferrin receptor or flotillin 2 (Fig. 7C) . The Glut1 and Glut4 proteins were found to be enriched in the plasma membrane fraction of the soleus skeletal muscle tissue of laforin-deficient mice (Fig.  7D) , suggesting that such targeting may not be restricted to cell lines. Thus, laforin and malin appear to negatively regulate the targeting of glucose transporters to the plasma membrane, and defects in this process could result in increased glucose uptake in the absence of laforin or malin.
Glucose transporters are normally localized in the vesicular compartments of the cytoplasm and are targeted to the plasma membrane, allowing glucose import upon appropriate signaling (4, 28) . Therefore, we wanted to test whether laforin/malin regulate the intracellular trafficking of glucose transporters. For this we chose Neuro2A cells, wherein the overexpressed Glut3 (but not the endogenous form) resides primarily at the plasma membrane (40) . When Glut3 was coexpressed with laforin or malin, a significant amount of overexpressed Glut3 was retained in the cytoplasmic compartment in around 70% of the cells (data not shown). To further validate this observation, we fractioned the plasma mem-branes and evaluated the Glut3 by immunoblotting. While the level of Glut3 in the whole-cell lysate did not show any change, there was a significant reduction in the level of Glut3 in the plasma membrane fraction of cells that coexpressed the wild-type form of laforin or malin compared to the sets that coexpressed the catalytically inactive mutant forms of laforin or malin ( Fig. 7E and F) . Corroborating this observation, overexpression of wild-type laforin and malin, but not their mutants, significantly reduced the cellular glucose uptake (Fig. 7G ). Taken together, our results suggest that laforin and malin are important for the cytoplasmic retention of glucose transporters and that the functional loss of laforin or malin results in the targeting of glucose transporters to the plasma membrane and excessive glucose uptake.
Laforin and malin regulate glycogen synthesis but not its breakdown. Since loss of laforin or malin resulted in the excessive uptake of glucose, we wanted to check whether loss of these proteins and the plasma membrane localization of glucose transporter would induce glycogen accumulation. For this, we selected two distinct cell types: (i) Neuro2A, a cell line of neuronal origin that stores a very small amount of glycogen, and (ii) COS-7, a nonneuronal cell type that stores ϳ100-fold-higher levels of glycogen than Neuro2A cells (Fig. 8A) . Transient knockdown of laforin or malin resulted in a significant increase in the intracellular glycogen level in both Neuro2A and COS-7 cells (Fig. 8B) . Corroborating this observation, nearly 20% of the cells that were transfected with the laforin or malin RNAi construct showed glycogen granules when stained with an antibody against glycogen, while the control set did not show any such staining (Fig. 8C ). To further establish that the enhanced glycogen content was indeed due to increased glucose uptake, we treated cells with an inhibitor of glucose uptake (cytochalasin B) and measured their glycogen content. The cellular glycogen contents of cells lacking laforin or malin did not differ significantly from cells that were transfected with control vector (Fig. 8D ), suggesting that loss of laforin or malin promotes intracellular glycogen accumulation via increased glucose uptake. We tested this possibility by overexpressing Glut3 in Neuro2A and COS-7 cells. Overexpressed Glut3 translocates to the plasma membrane in Neuro2A cells but not in COS-7 cells (data not shown). We therefore measured the glycogen contents of Neuro2A and COS-7 cells overexpressing Glut3, glycogen synthase, or GFP (the latter two being controls). Overexpression of Glut3 resulted in a significant increase in the cellular glycogen content, but only in Neuro2A cells (Fig. 8E ). However, knockdown of laforin or malin caused a modest but significant increase in the glycogen content, even in COS-7 cells that overexpressed Glut3 (Fig. 8F ). Taken together, our results suggest that laforin and malin are critical regulators of glucose transport, that they regulate this process by modulating the subcellular localization of glucose transporters, and that the targeting of glucose transporters to the plasma membrane increases cellular glycogen content.
We next wanted to check whether laforin and malin are involved in glycogen degradation, since inhibition of this process could also result in an increased glycogen level within the cell. To test this possibility, COS-7 cells were transiently transfected with a knockdown construct for laforin or malin or with the control vector, and the cells were exposed to glucose-free medium at 36 h posttransfection to degrade the glycogen reserve for the next 12 h. As shown in Fig. 8G , the cellular glycogen content was lower in cells that expressed the knockdown construct than cells that expressed the control vector, suggesting that laforin and malin are not critical for glycogen degradation. Thus, the increase in glycogen level observed in the absence of laforin or malin could be due to increased glycogen synthesis via excessive glucose uptake and not due to a defect in the glycogen degradation process.
DISCUSSION
Laforin and malin are thought to function as nonredundant partners in a functional complex (17) , and several studies have shown that this is indeed the case (14, 19, 39) . Here we showed that laforin and malin, through an unknown mechanism but as nonredundant partners, sense the intracellular glycogen level and negatively regulate the cellular uptake of glucose. Partial knockdown of either one resulted in excessive intracellular glycogen accumulation, primarily via enhanced cellular glucose import.
The glycogen-dependent nuclear translocation observed for laforin is similar to the that shown for muscle glycogen synthase (MGS) (8); both of them translocate to the nucleus when glycogen stores are depleted within the cell. Our results also demonstrated that carbohydrate-binding ability is required for laforin to remain in cytoplasm, and therefore the absence or a very low level of glycogen is unable to retain laforin within the cytoplasm and therefore it translocates to the nucleus. While the significance of the nuclear translocation of laforin is not obvious to us, it should be noted here that the nuclear MGS is thought to be involved in transcriptional regulation (8) and that laforin, along with malin, is known to translocate to the nucleus upon thermal stress and to regulate heat shock-induced transcription (39) . Thus, laforin appears to have additional functions in the nucleus when cells are under physiological stress, including the glucose deprivation conditions tested in the present study.
Laforin is known to be degraded by malin via the ubiquitinproteasome pathway (20) ; however, the physiological significance for this function is not well understood. We showed here that, under physiological conditions, laforin's stability was correlated with the cellular glycogen content. Since loss of laforin results in increased glucose uptake, it is reasonable to suggest that malin promotes the degradation of laforin, probably via increases in the cellular glucose level. This suggestion was supported by our observations that laforin displayed increased affinity toward malin when cells were deprived of glucose, and there was a significant decrease in the level of laforin when cells were starved of glucose, which could be rescued when malin was partially knocked down or when proteasomes were blocked. However, the laforin-malin affinity and the malin-mediated degradation of laforin seem to be regulated by at least by two factors: AMPK activity and cellular ATP levels. AMPK is one of the critical enzymes involved in cellular energy homeostasis and is known to be activated when cells are deprived of energy source (22) . Indeed, an earlier study (42) suggested that the laforin-malin interaction is mediated by AMPK, although the functional significance of this role was not explored. We showed here that active AMPK is required for malin to promote the degradation of laforin when cells are deprived of glucose. AMPK is less active when cells are not under metabolic stress, and one of the triggers that activate AMPK is stimuli that change the AMP:ATP ratio (22) . Thus, there appears to be an inverse correlation between AMPK activity and laforin level. Intriguingly, active AMPK is unable to promote the degradation of laforin when cellular ATP levels were high, suggesting that AMPK is required but not sufficient for the degradation of laforin. These data clearly indicate that the factor(s) that senses the cellular ATP level could regulate the stability of laforin with the help of AMPK. Similarly, that active AMPK (as during glucose deprivation) is unable to prevent the nuclear translocation of laforin in cells that are deprived of glycogen suggests the possible involvement of an additional regulatory factor(s) that functions independently of AMPK. Thus, ATP depletion is likely to activate AMPK as well as an unknown factor(s), which together might promote the degradation of laforin. The nuclear translocation or/and the degradation of laforin may help in the restoration of the energy level by enhancing cellular glucose uptake within the cell. Taken together, our data suggest that the laforin-malin complex is one of the critical players in cellular energy homeostasis.
Previous studies that investigated the possible role of laforin/ malin in glycogen metabolism focused on the enzymes involved in glycogen synthesis or its degradation (11, 14, 42, (44) (45) (46) . Studies from laforin-or malin-deficient animals have demonstrated that none of the critical enzymes show any difference in their level or activity (11, 44) . We reasoned that the laforin-malin complex could indirectly regulate glucose homeostasis, and we demonstrated here that loss of laforin and malin results in excessive glucose uptake. While the manuscript was in preparation, Vernia et al. (47) reported excessive glucose uptake in the tissues of laforindeficient mice, suggesting that loss of laforin (and possibly malin) might have similar effects at both tissue and cellular levels. We have shown here that loss of laforin or malin increases the abundance of glucose transporters in the plasma membrane and hence excessive glucose uptake. Similar observations were also made in the muscle tissue of laforin-deficient mice. Intriguingly, laforin and malin appear to regulate the translocation of the glucose transporters Glut1, Glut3, and Glut4 to the plasma membrane, although their cellular level remains unchanged. Glut1 and Glut3 represent the two major insulin-independent glucose transporters found in nonneuronal and neuronal tissues, respectively, and Glut4 is exclusively expressed in striated muscle (4) . In this regard it is interesting that the plasma insulin level did not change in laforin-deficient mice (47) , and we did not use insulin in our glucose uptake assays. Therefore, the laforin-malin complex possibly regulates glucose homeostasis via an insulin-independent glucose uptake mechanism, a constitutive process that accounts for most of the basal glucose uptake in tissues (4) . Glucose transporters are found both at cytoplasmic vesicles and at the plasma membrane (4, 28) . Under conditions of a glucose requirement, vesicles target the glucose transporters to the plasma membrane via exocytosis, and when the glucose demand is met, most of the transporters are shunted back to the cytoplasmic vesicle via endocytosis (28) . What we have shown here is that coexpression of laforin or malin is able to restrict Glut3 in the cytoplasmic vesicles. While our observations are strong enough to suggest that the laforin-malin complex regulates the subcellular trafficking of glucose transporters, the specific process by which laforin and malin are able to modulate the vesicular trafficking was not addressed in the present study. Clearly, further studies are required to elucidate this mechanism.
In summary, we have shown that the laforin-malin complex regulates glucose uptake and not the degradative process of cellular glycogen. Thus, excessive substrate (cellular glucose level) appears to be the trigger for the abnormally high levels of glycogen seen in LD. Thus, laforin/malin deficiency would result in an abnormal increase in cellular glycogen that is less branched and hyperphosphoryled, leading to the genesis of Lafora bodies. Our study indicates that factors that regulate cellular glucose uptake could be potential therapeutic targets for the treatment of LD.
